The buildup dynamics of a homogeneously broadened continuous-wave Ti:sapphire laser is experimentally investigated for the first time to our knowledge. The average output power of the laser exhibits relaxation oscillation behavior initially and approaches the steady-state value in -20 ,s. Concurrently, the longitudinal-mode spectrum evolves from a multicluster spectral distribution (tentatively attributed to the spectral windowing effect of the Brewster-angle-cut Ti:sapphire crystal as a birefringent filter) to a single cluster at 787.5 nm. The spectral narrowing (which is due to gain competition in the homogeneously broadened medium), however, takes -500 ,s. Physical mechanisms that explain qualitatively the two distinctive time scales are presented.
It is well known that, in a homogeneously broadened cw laser, the bandwidth of the output spectral envelope narrows during the buildup to the steady state.' This narrowing process is explained by invoking the gain-competition effect among the longitudinal modes. Concurrently the average output power should first exhibit relaxation oscillation behavior and also approach the steady-state value. Earlier theoretical 2 and experimental 3 studies on the buildup dynamics of semiconductor laser diodes have not revealed whether the time scales for the buildup of average power and the spectrum of the laser output are the same. Recently numerical calculations by Lam et al. 4 on strained InGaAs/AlGaAs quantum-well lasers showed that while the envelope of the relaxation oscillation decays in -3 ns, the modal photon densities redistribute among the modes and reach the steady state after -20 ns. The physical mechanisms for the two distinctive time scales were not discussed. Our own theoretical and experimental research on the bulidup of the average output power of cw and mode-locked semiconductor lasers in an external cavity indicate that the time constant for the buildup of the spectrum depends on the laser operating parameters, in particular, the excited-state lifetime of the lasing transition. 5 The excited-state lifetime of Ti:sapphire (T 3.2 /,s) 6 is much longer than that of GaAs (T 2 ns). 7 Accordingly, we expect the buildup time scales of the former laser system to be several orders of magnitude longer than that of the latter, and this should facilitate experimental observation and understanding of this interesting phenomenon. The Ti:sapphire laser is of course also one of the most important classes of solid-state lasers discovered to date. We thus employed the Ti sapphire laser as a modal system to investigate experimentally the buildup dynamics of the average output power as well as the output spectrum of a homogeneously broadened cw laser.
A block diagram of our experimental setup is shown in Fig. 1 . The cavity configuration of the cw Ti:sapphire laser is shown in the inset of Fig. 1 . The laser cavity is 140 cm in length and consists of four mirrors (Ml-M 4 ) with a 1% transmission output coupler without any bandwidth-limiting or tuning elements. The Ti:A1 2 0 3 crystal is Brewster angle cut, and its length is 20 mm. The radii of curvature of the folding mirrors around the gain medium are 15 cm. When pumped by an all-line 3.2-W cw argon-ion laser (Pth = 2.04 W), the Ti:sapphire laser generated a stable cw output of 75 mW. The output of the cw argon-ion laser is mechanically chopped to obtain 600-Hz square pulses with a FWHM of 800 Ats and a rise time of 30 ,us. The Ti:sapphire laser output is fed to a monochromator and detected by a gateable photomultiplier tube (PMT) with a gate of 300 ns. Signal averaging is performed by a boxcar integrator with a 500-ns gate. By scanning the monochromator at a fixed delay time and then delaying these two synchronous gates with respect to the chopped pumping signal, we can investigate the spectral characteristics of the cw Ti:sapphire laser as it evolves to the steady state. In another experiment, the monochromator functioned as a spectral filter with a 0.5-nm bandwidth. At different spectral windows of the laser output spectrum, the sampling gates were delayed as in the previous case. We can thus examine different regions of the longitudinal-mode spectrum as it evolved. By feeding the output of the Ti:sapphire laser directly to the gateable PMT, we can also record the evolution of its average output power.
The output spectra of the Ti:sapphire laser are plotted as a function of the delay time in Fig Ti:sapphire laser action, i.e., the first detectable rise in signal by the gateable PMT. This point is nearly at the end of the buildup period of the argon pump pulse. Figure 2 reveals that the average output spectrum of our laser unexpectedly exhibits multiple clusters of the longitudinal modes (unresolved) separated by -3.6 nm in the initial buildup stage. We have tentatively attributed this phenomenon to the spectral windowing effect of the Brewster-anglecut Ti:sapphire crystal as a birefringent filter. Further investigations are in progress. Figure 2 demonstrates that only one cluster near the line center with a central wavelength of 787.5 nm gradually grows during the buildup process while the other side clusters eventually cease lasing. The bandwidth of the growing cluster also narrows, from 0.28 to 0.22 nm, as it evolves to the steady state. After a time delay of "'6500 ts, the laser output spectrum exhibits only a single cluster. This is the steady-state spectral distribution with a bandwidth of 0.2 nm. The evolution process clearly demonstrates the effect of gain competition among the clusters of longitudinal modes in the homogeneously broadened medium. Actually the cluster at 783.92 nm was excited to a maximum amplitude among the clusters initially, but the cluster at 787.5 nm is the strongest in the steady state. This behavior can be understood from the fact that the gain profile of the Ti:sapphire laser is red shifted with respect to its fluorescence line shape. 6 8 The evolution of the individual lasing clusters as a function of the delay time during the first 20 As after the laser onset is shown in Fig. 3(a) . The amplitudes of the clusters were drawn with relative units, and the solid curves were obtained by connecting the experimental data points. Initially the output power of each cluster exhibits relaxation oscillation at the same frequency. In Fig. 3(b) we have displayed the power sum of all the lasing clusters and the average output power of the test laser as a function of the delay time. It is apparent from the figure that the former was identical to the latter within experimental error. This is of course just the consequence of conservation of energy. According to the linearized analysis of relaxation oscillation,' the oscillation period may be written as T = equations is =5.99 As. This is in excellent agreement with the experimentally determined T -6 As, as shown in Fig. 3 .
In Fig. 4 we show the evolution of each of the lasing clusters, the power sum of the lasing clusters, and the average output power as a function of the delay time up to 500 As. The decay rates of the side clusters farther from the central cluster are clearly faster. Examining the time scales of Figs. 4(a) and 4(b), one also finds that while the average output power rapidly reaches the steady-state value in -20 As, its corresponding spectrum continues to evolve and exhibits the single-cluster steady-state distribution -500 ,us later. As the power of the cluster at 787.5 nm builds up, the power of the other clusters decays. The overall power sum of all the lasing clusters is a constant and nearly equal to that of the average output power. By increasing the pumping power of the Ar' laser to 3.5 W, we find that the number of the clusters increases from 8 to 10. The relaxation period reduces to =5.3 As, and the buildup time to the steady-state single-cluster distribution is prolonged to =580 ,s.
It is possible to understand qualitatively the two time scales observed here. Consider for simplicity just three longitudinal modes as the laser is step pumped above threshold. When the total intensity of the laser reaches the steady state, we can show by using rate equations that the fluctuation in the optical power of the mode with the highest gain is (go/gl) -1 (1) where AP is the residual fluctuation of the average output power of the laser, go and g, are, respectively, the small-signal gain coefficient of the central mode and the two adjacent side modes, and L is the roundtrip loss coefficient. Depending on the ratio go/L and go -gi, APo can be considerable even as average power reaches the steady state. We thus expect that the output spectrum would reach a steady-state distribution well after the total intensity equilibrates if go/L >> 1 or go 0 g 1 . This analysis also explains physically the numerical results of Lam et al. 4 : The gain coefficient go for a strained laser is higher than that for a lattice-matched system. The individual lasing mode in the latter should thus reach steady state faster than in the former, whereas the times taken to reach a given steadystate total photon density for the two types of laser are similar.
In summary, we have uncovered a number of interesting physical phenomena associated with the cw Ti:sapphire laser. Multiple clusters of longitudinal modes, separated by =3.6 nm, are observed just above threshold. This has been tentatively attributed to the spectral windowing effect of the Brewster-angle-cut Ti:sapphire crystal as a birefringent filter in the laser. Further investigations are in progress. The clusters first undergo relaxation oscillations with a period of -6 As. Beyond the relaxation oscillation regime, the cluster at 787.5 nm grows while the other clusters gradually disappear at different rates. The spectral narrowing phenomenon is a manifestation of the gain-competition effect among the longitudinal modes in a homogeneously broadened medium. The buildup times to the steady state for the average output power and for the spectrum differ by more than an order of magnitude: 20 and 500 is, respectively. A simple physical model qualitatively explained the two time scales quite well.
